Con¯uent 3T3-L1 preadipocytes dierentiate to adipocytes in the presence of insulin, dexamethasone, and isobutylmethylxanthine (IDI). A transient increase of DNA synthesis is induced in 3T3-L1 cells 18 h after addition of IDI, followed by an arrest in the G1 phase of the cell cycle. Growth arrested cells express the protooncogene c-myc and the gene for the CCAAT/enhancer binding protein (C/EBPa) between day 2 and 5. While cMyc is strongly implicated in cell proliferation, C/EBPa is a dierentiation-speci®c transcription factor with antiproliferative activity. Here we have characterized the cell cycle arrest in dierentiating 3T3-L1 cells. Arrested cells express the Cdk inhibitors p21 and p27, but, at the same time, show hyperphosphorylation of Rb and expression of the E2F-regulated thymidine kinase gene. The addition of new serum to arrested cells resulted in cyclin A expression and Cdk2 activity, but not in DNA synthesis. Simian virus 40 large tumor antigen (LTAg) is a potent mitogen. The mutant LTAg-K1, de®cient in binding of pocket proteins and unable to induce DNA synthesis in serum-starved 3T3-L1 cells, eciently induced DNA synthesis in dierentiating 3T3-L1 cells. This indicates that pocket proteins are probably not involved in the control of the cell cycle arrest during 3T3-L1 cell dierentiation. Our data suggest that the dierentiationspeci®c cell cycle block in 3T3-L1 cells is resistant to high levels of c-Myc, inactivation of pocket proteins, upregulation of cyclin A levels, and Cdk2 activation, but can be abolished by a function of LTAg that is independent of binding to pocket proteins.
Introduction
Mouse 3T3-L1 cells are a well characterized model for adipocyte dierentiation (Meuth and Green, 1974; Green and Kehinde, 1975) . Undierentiated cells possess ®broblast morphology, and undergo terminal dierentiation into adipocytes in response to a cocktail of insulin, dexamethasone, and isobutylmethylxanthine (IDI). After an initial round of cell division, cells arrest in the cell cycle, induce gene expression for fat metabolism, thereby accumulating large cytosolic fat droplets (Cornelius et al., 1994; Fajas et al., 1998) .
Progression of cells through the cell cycle depends on the coordinated expression of a variety of cyclins which are essential for the activation of cyclindependent kinases (Cdks) (Grana and Reddy, 1995) . Activated Cdks phosphorylate a number of key substrates, e.g. pocket proteins including the retinoblastoma tumor suppressor gene product (Rb), which are negative regulators of cell cycle progression. Pocket proteins regulate the activity of the transcription factors of the E2F family and thereby the expression of a variety of genes necessary for S-phase entry, including the gene for thymidine kinase (Hunter and Pines, 1994) . While cyclin D/Cdk4 and 6 complexes appear to be critical for progression through the early G1-phase, cyclin E/Cdk2 and cyclin A/Cdk2 complexes are critical for the late G1-phase and S-phase entry. The activity of Cdks can be regulated by speci®c inhibitors, e.g. p21 and p27, which bind to cyclin/Cdk complexes (Xiong et al., 1993; Morgan, 1995) .
The c-Myc protein is a potent activator of the cell cycle and induces DNA synthesis in serum-starved mouse NIH3T3 cells (Eilers et al., 1991) as well as in serum-starved 3T3-L1 cells . Recent evidence indicates that cyclins are downstream targets of c-Myc in cell cycle activation (Jansen-DuÈ rr et al., 1993; Hoang et al., 1994; Philipp et al., 1994; Rudolph et al., 1996) . Ectopic expression of c-myc inhibits terminal dierentiation in a variety of cell lines including mouse erythroleukemia (MEL) cells (Coppola and Cole, 1986; Prochownik and Kukowska, 1986) , F9 teratocarcinoma cells (Griep and Westphal 1988) , monoblastic U-937 cells (Larsson et al., 1988) , and myoblasts (Schneider et al., 1987; Miner and Wold, 1991) . Overexpression of c-myc has been shown to inhibit dierentiation of 3T3-L1 cells possibly by precluding the entry of cells into a distinct predifferentiation stage in G0/G1 (Freytag, 1988) . These cells are no longer able to induce the expression of the CCAAT/enhancer binding protein a (C/EBPa) upon induction of dierentiation (Freytag and Geddes, 1992) . C/EBPa is a master regulator of adipocyte dierentiation (Birkenmeier et al., 1989; Lin and Lane, 1994) , and c/ebpa knock out mice cannot store lipids in white adipose tissue (Darlington et al., 1995) . Two isoforms of C/EBPa are expressed, p42 and p30. Both proteins can induce the expression of adipocyte speci®c genes, but only the p42 protein has anti-proliferative activity (reviewed by MacDougald and Lane, 1995) .
Here we show that the cell cycle block in 3T3-L1 cell dierentiation occurs despite high levels of c-Myc and hyperphosphorylated Rb. Therefore, we were interested in the nature of the cell cycle arrest during the dieration of 3T3-L1 cells. We show that the dierentiation-speci®c arrest diers markedly from the arrest observed in contact-inhibited or serumstarved 3T3-L1 cells. Furthermore we show that the simian virus 40 large tumor antigen (LTAg) can abrogate the cell cycle arrest in dierentiating 3T3-L1 cells and that this ability of LTAg is not dependent on binding of pocket proteins.
Results

Dierentiation kinetics of 3T3-L1 cells
3T3-L1 cells were grown to con¯uency. Two days later a dierentiation cocktail containing insulin, dexamethasone and isobutylmethylxanthine (IDI) was added to the cells together with new medium and serum. This cocktail induces various activities in cells. Isobutylmethylxanthine, e.g., inhibits phosphodiesterase I, thereby increasing the amounts of intracellular cAMP to growth inhibitory levels in NIH3T3 cells. Dexamethasone is required for the induction of the dierentiation-speci®c transcription factor C/EBPa. Three days after addition of IDI to 3T3-L1 cells, cytosolic fat droplets became visible and accumulated at days 6 and 8 of the dierentiation process ( Figure  1a ). The activity of a dierentiation-speci®c enzyme, glycerol-3-phosphate dehydrogenase (GPD), strongly increased during dierentiation (Figure 1b ). The dierentiation process was also monitored by the appearance of C/EBPa, which expression was induced at day 2 of the dierentiation process ( Figure 1c) .
While con¯uent 3T3-L1 cells showed background DNA synthesis, a transient, 410-fold increase of DNA synthesis was observed 18 h after addition of IDI (Figure 2a ). Previous reports suggested that a single round of cell division is essential for the dierentiation of 3T3-L1 cells (Gratzner et al., 1985) . Since DNA synthesis is known to be induced in contact-inhibited ®broblasts after addition of fresh serum, we asked whether IDI alone was able to induce terminal dierentiation. Addition of IDI without renewal of serum and medium also induced a transient peak in DNA synthesis after 18 h. However, this peak was signi®cantly lower and reached levels only two to threefold higher than background (Figure 2a ), indicating that the observed peak of DNA synthesis in dierentiating 3T3-L1 cells is partly provoked by addition of new serum. The omission of new serum did not impair the dierentiation of 3T3-L1 cells. Fat droplets (data not shown) and GPD activity appeared with similar kinetics (Figure 1b) . After the phase of transient DNA synthesis, cells arrested in the G1-phase of the cell cycle as determined by FACS analysis (data To investigate whether the initial DNA synthesis was essential for 3T3-L1 cell dierentiation, aphidicolin, an inhibitor of cellular DNA synthesis, was added to the dierentiation mix. Aphidicolin prevented dierentiation of 3T3-L1 cells almost completely if added together with IDI, without having a signi®cant eect on cell viability over a period of 8 days. In the presence of aphidicolin, fat droplets did not appear (data not shown) and GPD activity was strongly reduced (Figure 2b, 1 ± 3 ). Aphidicolin could not inhibit adipocyte dierentiation if it was added two days after addition of IDI (Figures 2b, 4 and 5).
Steady-state levels and activity of cell cycle regulators
To study the mode of cell cycle arrest in dierentiating 3T3-L1 cells, cellular extracts were prepared and cell cycle regulators were analysed by immunoblot assays. The expression of cyclins, Cdks, and Cdk inhibitors was studied in extracts of subcon¯uent, con¯uent, and dierentiating cells. Cyclin D1 levels were low in subcon¯uent cells, increased in con¯uent cells and remained relatively constant in dierentiating cells ( Figure 3a ). Cyclin D2 levels were transiently induced in the early phase of the dierentiation process and declined thereafter. Cyclin D3 levels were undetectable in subcon¯uent cells, low in con¯uent cells, and increased strongly in dierentiating cells after day 2 of the dierentiation process. Signi®cant changes in cyclin E levels were not observed. Cyclin A levels dropped when cells reached con¯uence but reappeared upon induction of dierentiation. Cyclin A levels increased in dierentiating cells each time after addition of new serum at days 1, 3 and 5. Thē uctuation of cyclin A levels were paralleled by ā uctuation of Cdk2 activity, as revealed by histone-H1 assays. The protein levels of the cyclin-dependent kinases Cdk2 and Cdk4 remained constant during the dierentiation process.
We next studied whether the¯uctuation in Cdk2 activity could be correlated with changes in the expression of the CDK inhibitors p21 and p27. Expression of these inhibitors was almost undetectable in subcon¯uent cells, increased slightly in con¯uent cells and markedly, >10-fold, during the time course of dierentiation ( Figure 3b ). The increase in p21 protein was not accompanied by an increase in p21 mRNA levels, indicating that upregulation of p21 occurred at a post-transcriptional level. While p21 levels steadily increased during the time course of dierentiation, the levels of p27 protein showed also some¯uctuation. However, this¯uctuation did not exactly correspond to medium changes. Notably, p21 and p27 were upregulated in the presence of high cMyc levels ( Figure 4a ). However, the high p21 and p27 levels did not inhibit upregulation of Cdk2 activity after addition of new serum ( Figure 3a) . If 3T3-L1 cells were dierentiated without renewal of serum, the upregulation of cyclin A levels and the increase of Cdk2 activity was only observed after addition of IDI at day 1, but not at later time points (Figure 3c ).
Cell cycle block in the presence of high levels of c-Myc, hyperphosphorylated Rb and expression of the thymidine kinase gene
Expression of c-myc has been reported to be induced in the initial phase of 3T3-L1 cell dierentiation (Freytag, 1988) . We could con®rm this observation and show that high c-myc RNA and protein levels were induced after addition of IDI. High protein levels maintained up to day 5 of the dierentiation process, while RNA was even detectable by RT-PCR up to day 8. Whether c-Myc protein is destabilized after day 5 has not been studied. (Figure 4a ). Since cell cycle activation by c-Myc in serum-starved 3T3-L1 cells involves Rb phosphorylation, we asked whether hyperphosphorylation of Rb is also observed in dierentiating 3T3-L1 cells. The hyperphosphorylated form of Rb was detectable in subcon¯uent cells, declined in con¯uent cells, but reappeared after addition of IDI and remained present up to day 6 of the dierentiation process (Figure 4b ). The hypophosphorylated form of Rb negatively regulates the activity of the transcription factors E2F-1, -2 and -3, thus preventing the activation of E2F-regulated genes. We therefore analysed the expression of the E2F-1-regulated thymidine kinase (tk) gene, which is induced in the cell cycle before S-phase entry (MuÈ ller, 19954) . Tk mRNA levels were high in subcon¯uent and absent in con¯uent 3T3-L1 cells. Expression of tk was reinduced after addition of IDI and declined not before day 5. However, since Rb hyperphosphorylation in dierentiating 3T3-L1 cells is maintained up to day 6, down regulation of tk expression can not be explained by inactivation of Rb (Figure 4b) . Possibly other factors, e.g. of the E2F family, may be involved in downregulation of tk expression. In summary, the cell cycle arrest in dierentiating 3T3-L1 cells is characterized by the induction of Cdk inhibitors. However, key regulators of the cell cycle, which drive serum-starved 3T3-L1 cells into S-phase, are still active or can be activated in dierentiating 3T3-L1 cells without inducing cell cycle progression.
LTAg induces DNA synthesis in dierentiating 3T3-L1 cells independent of Rb binding
Simian virus 40 large tumor antigen (LTAg) induces cellular DNA synthesis in serum-starved cells as well as in post-mitotic cells (Fanning and Knippers, 1992; Ohkubo et al., 1994) . We used LTAg in order to analyse the cell cycle arrest in dierentiating 3T3-L1 cells in more detail. An expression plasmid for LTAg was transiently transfected into 3T3-L1 cells 1, 2 or 3 days after induction of the dierentiation process. The number of cells showing DNA synthesis after LTAg expression was determined the following day by 5'-bromo-2'-deoxyuridine (BrdU) incorporation. LTAg induced DNA synthesis in *70% of the cells at day 2 and in *50% of the cells at days 3 and 4 of the dierentiation process ( Figure 5) .
In order to study the role of pocket proteins in adipocyte dierentiation, we also transfected an expression plasmid for the mutant LTAg-K1 with an amino acid exchange at residue 107 (E107K), which is defective in the binding of pocket proteins (Kalderon and Smith, 1984) . This mutant has previously been demonstrated to be unable to induce DNA synthesis in serum-starved 3T3-L1 cells Wolf et al., 1995) . In contrast, LTAg-K1 induced DNA synthesis in 45% to 55% of cells at day 2, 3 and 4 of dierentiation ( Figure 5 ). Thus, wild-type LTAg and the mutant LTAg-K1 had similar mitogenic activity in differentiating 3T3-L1 cells. Here we show that the induction of DNA synthesis is partially the eect of addition of new serum. A minor peak of DNA synthesis is still observed, if differentiation of 3T3-L1 cells is induced without addition of new serum. DNA synthesis is required for dierentiation of 3T3-L1 cells, since the inhibitor of DNA polymerase a aphidicolin, inhibits the dierentiation process. The peak of DNA synthesis seen in Figure 2a is very small and does not re¯ect a complete S phase of all cells. The small peak rather indicates that only a submolar fraction of DNA is replicated. These cells still behave as G1-arrested cells in FACS analysis. Currently we do not know, which part of the genome has to be replicated to allow dierentiation of 3T3-L1 cells, neither do we know why this replication is required. After the initial phase of DNA replication 3T3-L1 cells are arrested in the G1 phase of the cell cycle. The arrest coincides with the induction of c/ebpa expression, but not with the repression of the c-myc gene.
This observation is interesting for two reasons. First, it has been reported that ectopic expression of c-myc inhibits the induction of c/ebpa expression and prevents adipogenesis (Freytag and Geddes, 1992) suggesting a negative regulation of c/ebpa by c-Myc. This assumption was supported by the observation that c-Myc represses c/ebpa transcription after transient transfection in mouse ®broblasts via an initiator element in the core promoter (Li et al., 1994a) . However, as we show here, both genes, c/ebpa and c-myc, are co-expressed in dierentiating 3T3L1 cells between days 2 and 5, suggesting that c-Myc does not suppress c/ebpa transcription. An explanation for the dierent results could be that the regulation of the c/ebpa promoter can not be mimicked in transiently transfected cells, especially, if the experiments were carried out in cells, in which the endogenous c/ebpa promoter is not active and which are not induced to adipocyte dierentiation.
The second interesting point is that the mitogenic activity of c-Myc must be antagonized by antiproliferative activities in dierentiating 3T3-L1 cells. Activation of the cell cycle by c-Myc in serum-starved and/or contact-inhibited ®broblasts is characterized by several eects, including inactivation of pocket proteins, activation of E2F-regulated genes, degradation or inactivation of Cdk inhibitors, and ®nally by activation of Cdk2. Several of these activities are present or can be induced in dierentiating 3T3-L1 cells between days 2 and 5 without induction of Sphase, indicating that the cell cycle is inhibited (Timchenko et al., 1996) . We observed also an increase in p21 as well as p27 protein levels during 3T3-L1 cell dierentiation. However, the increase in p21 protein levels occurs at day 1 of the dierentiation process before induction of the c/ebpa gene. Thus, it appears unlikely that the increase in p21 protein levels is regulated by C/EBPa. It is also questionable whether the high levels of p21 and p27 are responsible for the cell cycle arrest during 3T3-L1 cell dierentiation. The high levels of both proteins could not prevent the activation of Cdk2 after addition of new serum. However, this failure does not exclude that p21 and p27 could inhibit the cell cycle by other mechanisms. For example, p21 can bind to the proliferation cell nuclear antigen (PCNA) and may thereby inhibit the replication machinery (Li et al., 1994b; Waga et al., 1994; Flores-Rozas et al., 1994) . Another interesting feature of 3T3-L1 cell dierentiation is the accumulation of p27 protein in the presence of high c-Myc levels. This is dierent to quiescent ®broblasts, in which c-Myc either neutralizes p27 function (Vlach et al., 1996) or induces its degradation (MuÈ ller et al. 1997) . Thus, the role of p21 and p27 in the induction of cell cycle arrest during 3T3-L1 cell dierentiation needs further analysis.
Two other regulatory proteins have been described, which are induced during adipocyte dierentiation. HBP-1 is a member of the high mobility group transcription factor family and is induced in the early phase of the dierentation process (Lesage et al., 1994) . In myoblasts, ectopic expression of HBP-1 induces a cell cycle arrest (Tevosian et al., 1997) . Whether HBP-1 also arrests the cell cycle during adipocyte differentiation and whether it can activated by C/EBPa has to be investigated. The other regulatory protein is GADD45, which is induced in the late phase the dierentiation process (Constance et al., 1996) . Its expression could therefore be required for the cell cycle arrest in the late but not in the early phase of dierentiation.
Recent reports indicate that Rb is required for adipocyte dierentiation. Primary lung ®broblasts of rb knockout mice do not dierentiate to adipocytes after an appropriate stimulus. Transfection of an Rb expression vector into these cells restores the differentiation program for adipogenesis (Chen et al., 1996) . The authors showed that Rb interacts with GST-C/ EBPa, -b and -g fusion proteins and that co-expression of Rb enhances the transcription of a reporter gene from a C/EBPb driven promoter. We observed hyperphosphorylation of Rb in 3T3-L1 preadipocytes after activation of the dierentiation program. This suggests the hyperphosphorylated form of Rb being critical for adipocyte dierentiation. In serum-starved ®broblasts hyperphosphorylation of Rb is induced by c-myc expression. Hyperphosphorylation of Rb and cmyc expression also coincide during 3T3-L1 differentiation. However, in the kinetics shown in Figure 4 , the c-Myc protein levels decline before Rb is shifted back to its hypophosphorylated form. Therefore, it remains an open question, whether c-Myc is involved in Rb hyperphosphorylation during adipocyte differentiation. A positive role of c-Myc for dierentiation has recently been reported for human epidermal stem cells. Activation of c-Myc in keratinocytes caused a progressive reduction in growth rate, without inducing apoptosis, and a marked stimulation of dierentiation (Gandarillas and Watt, 1997) . Unfortunately, phosphorylation of Rb was not analysed in this study.
Two lines of evidence indicate that Rb is inactivated as cell cycle regulator during 3T3-L1 cell differentiation: (i) We found expression of the E2F-1 regulated tk gene in dierentiating 3T3-L1 cells, and (ii) the SV40 large T antigen mutant K1, which is de®cient in binding of pocket proteins, showed mitogenic activity in dierentiating 3T3-L1 cells. This mutant showed no mitogenic activity in serum-starved 3T3-L1 cells . The hyperphosphorylated, inactive form of Rb shifted back to its hypophosphorylated form in the late phase of dierentiation at day 6. This could indicate that Rb-speci®c kinases become inactivated at that time point.
Studying the expression of the various cyclins, we observed changes in the levels of D-type cyclins, which are implicated in the control the G1 phase of the cell cycle (Sherr, 1995) . We have seen an induction of cyclin D2 and cyclin D3 expression after initiation of the dierentiation process. While cyclin D2 was induced transiently after addition of IDI, expression of cyclin D3 started after day 2 and maintained up to day 8. The induction pro®les of D2 and D3 did not correlate with Rb phosphorylation. In myoblasts, cyclin D1 is expressed in proliferating cells, whereas of cyclin D2 and cyclin D3 are induced during dierentiation of myoblasts into quiescent myotubes (Kiess et al., 1995) . During this dierentiation cyclin D2 is expressed only in unfused, and cyclin D3 only in fused myoblasts. Interestingly, similar as in 3T3-L1 cell dierentiation, the expression of cyclins D2 and D3 appears to be mutually exclusive. The interesting question, whether the sequential expression of the cell cycle regulating proteins cyclin D2 and D3 re¯ects two distinct stages also in adipocyte dierentiation has to be studied in the future.
In conclusion we propose that hyperphosphorylation of Rb could be a prerequisite for adipocyte differentiation, implicating that other mechnisms, which act independently of Rb, are responsible for cell cycle arrest in adipocyte dierentiation. Even though we do not know to which extend LTAg and LTAg-K1 expression lead to dedierentiation of adipocytes, mutagenesis of LTAg-K1 could be a good tool to further elucidate the nature of the cell cycle arrest during adipocyte dierentiation.
Materials and methods
Cell culture
3T3-L1 preadipocytes (American Type Culture Collection) were cultured in Dulbeccos modi®ed Eagles medium (DMEM) containing 10% fetal calf serum (FCS) (Life Technologies), 100 U/ml penicillin and streptomycin, and 2 mM glutamine. Dierentiation protocol: con¯uent cells were cultured in 10% FCS containing DMEM-HaÈ mF12 (3 : 1) medium supplemented with 0.5 mM isobutylmethylxanthine (Sigma), 1 M dexamethasone (Sigma) and 10 mg/ ml insulin (IDI). IDI was replaced by 10 mg/ml insulin after 4 days. In the standard protocol IDI was added with new serum and medium to con¯uent cells. IDI, serum, and medium were renewed after 2, 4, 5, 6, and 7 days; in the alternative protocol IDI only was added to con¯uent cells and medium and serum were renewed not before day 4.
Determination of glycerol-3P-dehydrogenase enzyme activity
Cells were washed twice with PBS and incubated at 378C for 30 min in lysis buer (50 mM Tris, pH 7.5, 1 mM EDTA, 10 mM b-mercaptoethanol). Cells were scraped from the dishes and centrifuged at 48C at 15 000 r.p.m. for 30 min. A solution of 0.2 M triethanolamin-EDTA buer (Sigma), 89 mg/ml NADH (Sigma) and 1 mM b-mercaptoethanol was added to 100 mg lysate to a ®nal volume of 1 ml. The oxidation of NADH was measured spectroscopically at 366 nm immediately after the addition of 36.4 mg/ml dihydroxyacetonphosphate. 3 H]thymidine per ml were added. Incubation was continued for additional 4 h and incorporation of [ 3 H]thymidine was determined as described (Kempkes et al., 1995) . Con¯uent cells were induced to dierentiate according to the standard protocol. Aphidicolin (1 mg/ml) was added together with IDI at the beginning or two days after addition of IDI. Glycerol-3P-dehydrogenase activity was measured at day eight after induction of differentiation.
Cellular extracts
Whole cell extracts were prepared with ice-cold lysis buer containing 50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1 mM sodium orthovanadate, 1 mM sodium¯uoride, 10 mM b-glycerophosphate, 10% glycerol, 0.1% Tween 20 and freshly added protease inhibitors (25 mg/ml aprotinin, 25 mg/ml leupeptin, 1 mM PMSF). Cells were scraped from the dishes and proteins were extracted by rotation at 48C for 30 min. The lysates were spun at 15 000 r.p.m. and the supernatant was shock frozen in liquid nitrogen and stored at 7808C.
Histone H1-kinase assay
To determine Cdk2 activity 100 mg protein extract was adjusted to a volume of 700 ml with lysis buer and polyclonal Cdk2 antibody (Santa Cruz) was added. The mixture was rotated overnight at 48C and immunocomplexes were collected by binding to protein A agarose beads (Boehringer Mannheim). Agarose beads were washed 36 with lysis buer and than in kinase buer (20 mM MgCl 2 , 10 mM EDTA, 40 mM HEPES, pH 7.0). Kinase reactions were performed in 20 ml kinase buer containing 0.5 ml of g-[ 32 P]ATP (300 Ci/mmol, Amersham) and 1 mg histone H1 (Boehringer Mannheim) at 308C for 20 min. The reaction was stopped by addition of 20 ml 26 SDS sample buer. After gel electrophoresis signals were analysed by autoradiography.
Immunoblot analysis
Equal amounts of proteins were separated by polyacrylamide gel electrophoresis, transferred onto a PVDF membrane (Millipore) and probed with primary and secondary antibodies as described (Sambrook et al., 1989) . Immunoreactive bands were visualized with the enhanced chemiluminescence detection system (Amersham) using horseradish peroxidase-coupled secondary antibodies (Promega, Santa Cruz).
RNA preparation and RT ± PCR
Preparation of total cellular RNA was performed as described (Chirwing et al., 1979) . The reverse transcription polymerase chain reaction (RT ± PCR) was performed with 1 mg of total RNA, oligo dT primer and the enzyme Superscript according to the supplier's protocol (Life Technologies). The following primers were used:
Thymidine kinase, F1: 5'-ccatgcggatccaacgagggcaagacagtaattgtc-3', B2: 5'-ccatgcgaattctctctgagagtccaacctgggtag-3'; gapdh, F4: 5'-gttccagtatgattctacccacgg-3' B7: 5'-tgtagcccaggatgcccttta-3'; c-myc, F2: 5'-acgatggatcctatcaccagcaacagcagagccag-3', B1: 5'-atcgagaattcgaatcggacgaggtacaggatttg-3'.
The PCR products were cloned and sequenced to verify the identity of the products.
LTAg expression vectors
Plasmids encoding LTAg and LTAg-K1 have been described elsewhere (Kalderon and Smith, 1984) . LTAg-K1 carries an amino acid exchange at position 107 (E107-K) .
Transient transfection assay
Cells were grown on 35 mm dishes (Falcon Primaria) to con¯uence and induced to dierentiate. After 24, 48 and 72 h cells were washed with PBS and transfected with 6 ml of LipofektAmin (Life Technologies) and 2 mg of plasmid DNA for 7 h. Cells were washed in PBS and fresh dierentiation medium was added. 5-bromo-2'-deoxyuridine (BrdU) labeling solution (Cell proliferation kit, Amersham) was added to the dierentiation medium of each dish 18 h after transfection according to the supplier's protocol. The incubation was continued for another 6 h before cells were ®xed.
Immunocytochemistry
Cells were ®xed 20 min at room temperature with 3% paraformaldehyde, permeabilized 10 min at room temperature with 0.1% Triton X 100 and then unspeci®c protein binding was blocked with 10% FCS in PBS. Wild-type and mutant proteins of LTAg were detected by the mouse monoclonal antibody KT3 (MacArthur and Walter, 1984) and subsequent incubation with a Cy3-¯ourochrom-coupled antimouse antibody (Dianova). Proteins were then denaturated by 2N HCl for 15 min at room temperature, washed, and incubated with a¯uorescein-coupled mouse monoclonal antibody to BrdU (Boehringer Mannheim). The percentage of LTAg-positive cells which had incorporated BrdU was determined. Background proliferation was determined by counting the BrdU-positive cells not expressing LTAg. Transfection of an control vector not expressing LTAg did not result in induction of DNA synthesis. Each experiment was performed at least three times and with 4100 LTAg-positive cells.
